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ABSTRACT 

The interaction of an underexpanded hydrogen jet coaxially injected 

into supersonic flow is investigated experimentally. 

sults are 1 ;cussed and analyzed. 

experimental results and theoretical preaictions computed using an ana- 

lytical technique. 

Experimental re- 

Comparisons are made between the 

Changes to improve the theory are suggested. 
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SUMMARY 

An experimental data base for the injectior,mixing, and combustion 

of an underexpanded hydrogen jet in a supersonic test stream has been 

obtained. 

retical predictions. 

Experimental pitot pressure data have been compared with theo- 

The experimental tests were conducted with both air and nitrogen as 

test media which led to reacting and nonreactinf flol-s, respectively. 

Tests were conducted in a free-jet and in a d L  -ted mode. Theoretical 

values were computed using two different viscosity models and a wile 

range of Prandtl number (0.7 to 1.4) with a Lewis number of 1. 

The comparison of the experimental and theoretical data indicates 

that the theory is inadequate for predicting the flow field resulting 

from the injection of an underexpanded (hydrogen) jet into supersonic 

ilow. Suggestions are made for improving the theory. 

1 



CHAPTER 1 

INTRODUCTLON 

The hydrogen fueled supersonic combustion ramjet (scramjet)  engine 

is envisioned as the  prime candidate t o  f i l l  t h e  propulsion requirements 

f o r  f u t u r e  hypersonic a i r c r a f t .  However, f e a s i b l e  scramjet engines f ace  

problems i n  seve ra l  technological  areas. 

scramjet concept may be found i n  re ferences  1, 2 ,  3, and 4.) Three such 

areas are of concern i n  t h i s  work. These are the  in j ec t ion ,  mixing, and 

combustion of hydrogen. Note that the  l a s t  two are d i r e c t l y  r e l a t e d  to 

the  f i r s t  by the  following sequence: i n j e c t i o n  con t ro l s  mixing and mix- 

ing conLrols combustion. As a r e s u l t ,  f u e l  i n j e c t i m  holds an important 

pos i t i on  i n  the  t o t a l  scrdmjet problem. Thus, i t  is not  su rp r i s ing  t h a t  

r!umerous f u e l  j- l e c t i o n  schemes have been inves t iga ted  i n  both cold and 

hot supersonic  flows. Simplici ty  i n  flow f i e l d  modeling has  made paral-  

l e l  coaxia l  i n j e c t i o n  t h e  scheme most widely inves t iga ted  ( re ferences  5,  

6 ,  znd 7 present  i nves t iga t ions  of t h i s  type).  

(S ta tus  eva lua t ions  of t he  

These previous inves t iga t ions  of coaxia l  i n j e c t i o n  were l imi ted  t o  

cases where i n j z c t o r  e x i t  p ressure  matched the  tes t  stream s t a t i c  pres- 

sure .  These matched pressure cases were se l ec t ed  pr imari ly  because the  

theory a v a i l a b l e  was designed tr> handle them. 

On the  o the r  hand, recent theory (see references 8 and 9)  is design- 

ed t o  handle t::r rlldre complex underexpanded ( jet  pressure  greacer  than 

the  test  stream s ta t ic  pressure)  

theory becomes apparent when one 

in j ec t ion .  

c o t e s  t n a t  any p r a c t i c a l  scramjet engine 

Tho s ign i f i cence  of such a 

2 



3 

is l i k e l y  t o  use hydrogen i n j e c t i o n  by an underexpanded je t .  

I n  f a c t ,  a l l  scramjet engines must be capable of operat ing with 

underexpanded i n j e c t i o n ,  although t h i s  may not  be t h e  primary type of 

i n j e c t i o n .  However, a search of t h e  l i t e r a t u r e  ind ica tec  ha t  t h e r e  

was very l i t t l e  information on an underexpanded hydrogen je t  coaxia l ly  

i n j e c t e d  i n t o  supersonic flow. P a r t i c u l a r  information, such as d a t a  on 

t h e  unlerexpansion ( e x i t )  shock wave's a f f e c t  on t h e  hydrogen mixing and 

combustion, is completely lacking. The present  i n v e s t i g a t i o n  was there- 

f o r e  undertaken t o  experimentally determine some of t h e  fundamental 

characteristics of t h e  mixing and combustion of an underexpanded hydrogen 

jet i n  supersonic flow. In add i t ion ,  t h e  theory of reference 8 was test- 

ed by comparing experimental data with t h e o r e t i c a l  da t a  computed using 

t h e  computer program (reference 9) based on tb.- theory of reference 8. 



CHAPTER I1 

APPARATUS AND INSTRUMENTATION 

F a c i l i t y  and T e s t  Conditions 

The experimental por t ion  of t h i s  work w a s  conducted i n  t h e  'Langley 

11-Inch Ceramic-Heated Tunnel. 

has a bed of z i r con ia  pebbles which is heated by t h e  combustion products 

from a propane burner. 

t h e  bed u n t i l  t h e  des i red  s tagnat ion  temperature is reached. 

test gas is obtained by passing t h e  test medium (air o r  n i t rogen)  through 

the  heated pebbles. In t h i s  manner, teqt gas t o t a l  t e rpe ra tu re s  up t o  

2530 K (maximum usage temperature of t h e  z i r con ia  pebbles) can be fur -  

nished with a maximum s tagnat ion  pressure of 4 MN/m . 

This f a c i l i t y ,  described i n  re ference  10, 

The products from t h e  burner are passed through 

The hot 

2 

For t he  purpose of the  present tests, t h e  f a c i l i t y  w a s  f i t t e d  with 

t h e  Mach 2 test stream nozzle which is a sca led  vers ion  of one given i n  

reference 11. 

steel and cooled by about 6 Lg/sec of water. 

i n  two modes, a f r ee - j e t  mode and a d;;:ted mode. 

t h e  ducting around the  supersonic flow formed a circular combustor. 

schenat ic  of t he  f a c i l i t y  ( in  the  ducted mode conf igura t ion)  is given i n  

f i g u r e  1. 

constant area duct whic' extends from piane A-A t o  plane B-B of f i g u r e  1. 

In each configuration, t h e  e x i t  plane of t he  Mach 2 hydrogen i n j e c t o r  

nozzle was 0.3175 c m  downstream of t he  ex i t  plane of t h e  test stream 

nozzle. 

This axisymmetric nozzle w a s  constructed of s t a i n l e s s -  

The f a c i l i t y  w a s  operated 

In  t h e  ducted mode, 

A 

The f r ee - j e t  mode conf igura t ion  is obtained by removing t h e  

Tes t s  were conducted with both a i r  and n i t rogen  as test media, 

4 
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and f o r  a l l  tests the  total temperature of t h e  test stream w a s  2167 K, 

with a nozzle e x i t  ( s t a t i c )  temperature of 1338 K. This temperature w a s  

high enough to g ive  i g n i t i o n  without a p i l o t  flame or i g n i t o r .  The 

s tagnat ion  pressure ranged from 0.759 t o  0.858 MN/m2, which gave rise t o  

test gas  flow rates of 1 .23  to 1.39 kg/sec and nozzle  e x i t  (static) 

pressures  of 0.099 to  0.112 m/m . 2 

A summary of t he  test condi t ions  is presented i n  Table I. 

Hydrogen In j ec to r  

The hydrogen i n j e c t o r ,  which was mounted coaxia l  with the  main noz- 

z l e ,  is a 0.953 c m  (3/8 i n )  s t a i n l e s s - s t e e l  tube with a 5O conica l  nozzle 

at t h e  e x i t .  

t h roa t  diameter, g ives  a nominal e x i t  Mach number of 2. 

e x i t  l i p  th ickness  is 0.159 em. 

This nozzle,  with a 0.635 cm e x i t  diameter and 0.488 em 

The i n j e c t o r  

This i n j e c t o r  l i p  of f i n i t e  thickness  introduces the  problem of 

wake e f f e c t s  i n  the  base region of t he  in jec tor .  However, i t  is considered 

t o  be  a good compromise between t h e  ideal and t echn ica l ly  p r a c t i c a l  noz- 

z le .  Idea l ly ,  for ease of analysis, the  i n j e c t o r  should have an i n f i -  

na te ly  t h i n  l i p ,  and parallel flow a t  its e x i t .  Unfortunately,  t h e  

contoured nozzle i.eeded t o  f u l f i l l  these i d e a l  condi t ions cannot be 

b u i l t  and a compromise must be sought. I f  the  requirement of p a r a l l e l  

flow is dropped, t he  i n f i n i t e l y  t h i n  l i p  can be apprcjached by a t  least 

two designs.  One is the  b o a t t a i l  conica l  type nozzle given i n  f i g u r e  2.  

This design produces two undesirable  r e s u l t s .  F i r s t ,  the  b o a t t a i l  causes 

the  test flow t o  expand t o  a lower pressure,  and second, t h e  expansion 
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X P 

=j MN/m2 
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1t .5  0.789 

19 0.794 

Table 1 

Test 
m e  

pm 5 Re x lo’” 
MN/m2 pa0 kg/sec kg/sec 

0.103 2-03 2.446 1.302 0.015 A-FJ 

0.103 2.031 2.460 1.307 0.015 A-FJ 
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9 

t u r n s  t h e  flaw (near t h e  i n j e c t o r )  so t h a t  it is no longer p a r a l l e l  with 

t h e  rest of t h e  test s t r e a m .  

where t h e  b o a t t a i l  has been eliminated. Unfortunately, t h i s  design 

s u f f e r s  from t h e  increased chance of s epa ra t ion  of boundary l a y e r  on t h e  

i n j e c t o r .  

a c t i o n  with t h e  e x i t  shock and the  jet flow. 

is c u t  o f f  (see f i g u r e  31, t h e  r e s u l t i n g  nozzle has a f i n i t e  l i p  thick- 

nes s  wi th  a base region. Although t h e  wake e f f e c t s  of t h i s  region can- 

not be computed c l o s e  to t h e  base, t h e  p robab i l i t y  of boundary layer 

sepa ra t ion  is reduced. 

boundary layer can bleed i n t o  t h e  wake and t h e  compression e f f e c t s  of 

t h e  d ivergent  flow are eased. It  w a s  f e l t  t h a t  t he  e x i t  th ickness  

(0.159 cm) of t he  i n j e c t o r  chosen was s u f f i c i e n t  to prevent s epa ra t ion  

but small enough t o  ge t  a f a r  f i e l d  ( severa l  r 's) s o l u t i o n  f o r  t h e  wake 

region. 

12  i n d i c a t e s  that the  je t  spreads b e t t e r  when in j ec t ed  from a b lunt  body 

of t h i s  type. 

This design w a s  t he re fo re  adopted f o r  t h e  present i nves t iga t ions .  

The o the r  design is t h e  one of f i g u r e  3, 

Such sepa ra t ion  of boundary l a y e r  would be caused by i n t e r -  

I f  a nozzle of t h i s  des ign  

This result is obtained from t h e  f a c t  t h a t  t h e  

j 
It is a l s o  pointed out  t h a t  t he  experimental da t a  of re ference  

Increased spreading (mixing) sugges ts  b e t t e r  burning. 

The cooling needed t o  p ro tec t  t h e  i n j e c t o r  during each tes t  is pro- 

vided by t h e  i n j e c t a n t  (hydrogen). In  t h e  present tests, t h e  hydrogen 

supplied a t  ambient temperature was heated t o  a t o t a l  temperature of 

approximately 470 K as it  cooled the  i n j e c t o r  before  i n j e c t i o n  i n t o  t h e  

stream. With t h i e * t o t a l  temperature, and s t agna t ion  pressures  ranging 

2 from 1.59 t o  1.94 MN/m , t h e  i n j e c t o r  supplied hydrogen mass flow rates 

of 0.015 t o  0.018 kg/sec. The r e s u l t i n g  equivalence r a t i o ,  based on 
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total  flow i n  t h e  test stream nozzle,  var ied  from 0.381 t o  0.467 and 

t h e  exi t  (static) pressures  ranged from 0.203 t o  0.248 MN/m . 
jector exi t  p r e s s x e  w a s  t he re fo re  about 2 times t h e  test s t r e a m  s ta t ic  

pressure  f o r  each test, and t h e  in j ec t ed  hydrogen w a s  thus  underexpanded. 

2 The in- 

c i r c u l a r  Combustor 

In  t h e  ducted mode, cons tan t  area d u c t s  of fou r  d i f f e r e n t  l eng ths  

(9.53, 12.70, 30.48, and 45.72 cm) were ind iv idua l ly  a t tached  t o  the  

f a c i l i t y  nozzle t o  form c i r c u l a r  combustors. These combustors, con- 

s t ruc t ed  of s t a i n l e s s - s t e e l ,  are uncooled (heat s ink )  and have numerous 

pressure  o r i f i c e s  f o r  measuring s t a t i c  pressure.  

ranged i n  t h r e e  rows (designated P, Q, and R i n  f i g u r e  4) t h a t  run 

a x i a l l y  along the  duct with each row spaced 120° apa r t .  

t he  12.7 c m  combustor, accompanied by a t a b l e  summarizing t h e  o r i f i c e  

l o c a t i o n s  f o r  a l l  four duc ts ,  is given i n  f i g u r e  4. 

The o r i f i c e s  are ar- 

A schematic of 

P i t o t  Probes 

The p i t o t  probes used I n  the  present tests were of t w o  d i f f e r e n t  

1~ ~ i g n s .  One design is a modified vers ion  of a probe developed by t h e  

Applied Physics Laboratory of Johns Hopkins University and reported i n  

re ference  13. 

angle  -f 30' (see f i g u r e  5 f o r  d e t a i l s  of probe t i p ) .  

is a s l i g h t l y  modifted vers ion  of a probe described i n  re ference  14 .  

has a n  ou t s ide  t l p ' o f  0.914 cm and a t i p  half-angle of 20' (see f i g u r e  

6 f o r  d e t a i l s  of probe). 

It has an ou t s ide  diameter of 0.635 cm and a t i p  ha l f -  

The o the r  design 

I t  
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Probes of both designs were water-cooled by a no r e t u r n  method. I n  

t h i s  method, water is suppiic?d through a s i n g l e  passage i n  t h e  main body 

of t h e  probe, sprayed a g a i n s t  t h e  rear of t h e  probe t i p ,  and then f n j e c t -  

ed i n t o  t h e  t e s t  stream a t  a loca t ion  behind t h e  pressure  sensing region. 

Once i n  t h e  tes t  strean, the  water is swept downstream over t h e  probe 

body furn ish ing  f u r t h e r  cooling. 

Pi tot-pressure profiles were obtained with a s i n g l e  moving probe 

which w a s  d r iven  perpendicularly across  the flow f i e l d  a t  a rate of 

approximately 0.5 cmlsec by a dc motor. Comparisons of p i t o t  pressures  

taken a t  t h e  same p o i n t s  with the  probe moving and s t a t i o n a r y  indicated 

t h a t  response of  t h e  pressure transducer wab s u f f i c i e n t  t o  give accura te  

measurements while moving. 

same r e e u l t s  f o r  i d e n t i c a l  test conditions.  

I n  add i t ion ,  probes of e i t h e r  design gave the  

Photographs and Shadowgraphs 

Data obtained i n  t h e  form of photographic records were of  two types:  

black and white movies, and shadowgraphs. 

frame rate t h a t  varied from 20 to  64 frameslsec. 

t h e  p i t o t  probe alinement and v ib ra t ion .  

a constant  frame rate of 24 frameslsec. 

flow q u a l i t y  and a r e  q-Ate valuable f o r  analyzing the  flow f i e l d .  

The movies were taken a t  a 

They were used t o  check 

"lie shadowgraphs were taken a t  

They were used t o  def ine  t h e  

Photographic records of bo,h types were obtained on 16 mm black and 

white mrvie f i l m  with a n  ASIi number of 400 (Lin number of 2 7 ) .  The t o t a l  

photographic records w i l l  not  be included i n  t h i s  work. However, an exam- 

p l e  of t h e  shadowgraphs are given i n  f i g u r e  7. 
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Example of P i t o t  Test Data 

Although t h e  majori ty  of t h e  test  d a t a  is t o  be  presented i n  Chaptni 

I V ,  rhe e x i t  p i t o t  surveys are introduced here  t o  provide a f e e l  f o r  t h e  

experinlental da t a .  I n  f i g u r e s  8 and 9, r a d i a l  e x i t  p i t o t  presciure pro- 

f i l e s  f o r  t h e  f r ee - j e t  reac t ing  and nonreacting cases are given respec- 

t i v e l y .  

( cen te r l ine )  values  are not equal. 

than t h e  r eac t ing ,  s i n c e  i t  is taken a t  an axial  l o c a t i o n  s l i g h t l y  down- 

stream of t h e  a x i a l  loca t ion  of t he  r e a c t i n g  case.  The s o l i d  l i n e  ,f 

both f i g u r e s  is a s t r a i g h t  l i n e  connection of adjacent . a t a  po in ts  in- 

tended as a guide to t h e  da t a  trend. 

Both p r o f i l e s  have t h e  same geneia l  shape, however t h e i r  peak 

The nonreacting peak va lue  is less 

Since both cases have t h e  same shape, only one discussion w i l l  be 

offered.  

ures ,  and t h e  flow schematic of f i g u r e  10. The p i t o t  pressure vkr ies  

r a a i a l l y  i n  rhe following manner. 

po in t s  a t o  b is due p a r t l y  t o  t h e  r a d i a l  t r a v e l  across  t h e  conical  

jet  flow f i e l d ,  and p a r t l y  to an expansion f an  from the i n j e c t o r  l i p .  

Both processes r e s u l t  i n  higher Mach numbers, and thus lower p i t o t  pres- 

sures.  TIL small peak a t  c is t he  resu1.t of t he  shock wave wl l ich  

terminates t h e  expansion fan. The decrease i n  pressure from c t o  d 

is due t o  t h e  shock wave indicated a t  c and t h e  f a c t  t h a t  d I s  i n  

t he  base region of t he  in j ec t - r .  The shock i n l  Lated a t  c is a curved 

shock which extend6 from the  i n j e c t o r  l i p  a t  t h e  e x i t  t o  t he  cerr ter l ine 

a t  a slight?_y downstream l aca t ion .  Thus, much of t h e  region c t o  d 

is behind t h e  curved shock, whose s t rength  v a r i e s  from a minimum near t h e  

This discussion uses  t h e  letters common to  both of these  f i g -  

The pressure decrease i n  going from 
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Test stream 

Test stream mixing boundary 

I 

shock wave 

Survey locat ion 

Figure 10.- A schematic of the free-jet flow f i e l d  w i t h  
various prominent features at  the  survey 
location labeled. 
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injector l i p  t o  a maximum at  t h e  c e n t e r l i n t .  

t h i s  region produces a r a d i a l  p i t o t  p ressure  p r o f i l e  which v a r i e s  i n  the  

same d i r e c t i o n  (minimum to maximum), whereas t h e  r a d i a l  Mach number pro- 

f i l e  v a r i e s  i n  the  opposi te  d i r ec t ion .  I n  idea l ized  flow, d would be 

the  loca t ion  of a s l i p  l i n e  separa t ing  the  test stream and jet flow. I n  

the  present  work, t h e  r a d i a l  region near  d is probably a mixing bound- 

ary.  Point  e is the  underexpansion or e x i t  shock wave which extends 

from t h e  i n j e c t o r ' s  ou ter  l i p  to the  test  stream boundary, where it is 

re f l ec t ed  as an expansion fan. Therefore,  t he  region d t o  e is 

similar but  i n  oppos i te  sense t o  the  region c t o  d. The region from 

e t o  f is t h e  test stream without any in t e rac t ion .  The d i p  from f 

t o  g 

ambient air. 

The s t r eng th  v a r i a t i o n  i n  

is an ind ica t ion  of t he  f r ee - j e t  test streau i n t e r a c t i n g  with the  

It may be surmised from the  above dis-ussion t h a t  t he  Slow f i e l d  

r e s u l t i n g  from t h e  underexpanded i n j e c t i o n  of hydrogen i n t o  supersonic 

flow is q u i t e  complex. As a consequence, th.? t h e o r e t i c a l  treatment by 

necess i ty  must be r a t h e r  sophis t ica ted .  The theory used f o r  comparison 

i n  t h i s  work is t h a t  of reference 8, and is out l ined  i n  the  next chapter .  



CHAPTER 111 

THEORY 

General Governing ,:quations 

The basic governing equations are the well know. "viscous-inviscid" 

equations used in hiphcr order boundary layer and viscous flow field 

analysis with ?.ne linite rate chemistry terms included. 

inviscid" equations are supplemented by the Rankine-Hugoniot and Prandtl- 

Meyer relations to facilitate the computation of shock and expansion 

conditions respectively. 

along with a limited discussion of how they are applied. 

interested in a more thorough delineation of the equations and the nume- 

ical application may consult references 15, 16, and 17. 

These %iscous- 

The basic equations are given in Appendix A 

The reader 

Viscosity Fiodels 

The program as published in reference 9 had a turbulent eddy vis- 

This model, .aity model referred to as the "Ferri-Kleinsteri" model. 

which k7as developed in references 18 and 19, has viscosity variation in 

the axial direction only. 

model (see reference 20),which varies both axially and radially, may be 

?.re accurate. Thus, it was decided that the program would be run with 

both models individually incorporated. 

However, it was felt that Eggers' viscosity 

Ferri-Kleinstein Model 

In this model, the turbulent eddy viscosity undergoes an axial 

variation from the jet exit to the end of the potential core. The length 

22 
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of the potential core is defined as: the distance x from the jet exit 

to the downstream location where the mass fraction of hydrogen on the 

centerline becomes less than 0.99. 

constant for all locations downstream of the potential core length 

The viscosity is then assumed to be 

x. 
The viscosity is computed, for stream locations (x/r less than x, 

j 

with the nondimensional equation, 

where, K1 = 7.5 x and K3 = 100. 

For stream locations equal to or greater than x 

and since p is constant downstream of the length x, eq ation 2 is 
executed once. The resulting value of p is stored for a 1 future down- 

stream calculations. 

Eggers' Model 

There are two viscosity models generally referred to as Eggers' 

model, thus one must be careful to specify the model intended. The two 

models, which are similar in mathematical strtcture, are called 2-difZer 

ence and kinematic Z-difference models by Eggers (reference 6). 

2-difference model (see reference 20) the absolute viscosity varies axi- 

ally only and is computed using the nondimensional equation, 

In the 

lJ = KZ (PdCL ( 3 )  

In the kinematic 2-difference model, the kinematic viscosity varies 

axially and is computed using the nondimensional equation, 
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The absolu te  v i s c o s i t y  is obtained by mult iplying t h e  kinematic 

v i s c o s i t y  (of equation 4) by t h e  local dens i ty  which varies r a d i a l l y .  

Thus, t h e  absolu te  v i s c o s i t y  v a r i e s  both a x i a l l y  and r a d i a l l y ,  and is 

computed with t h e  equation, 

D = ploca l  KZ (qIcL (5) 

In a l l  t h r e e  equations (3-51, t he  empir ical  constant  K has a value 

of 0.01. The quant i ty  Z is defined as t h e  r a d i a l  d i s t a n c s  between t h e  

p o i n t s  where t h e  local v e l o c i t i e s  are U1 and U2 as given by t h e  

equations,  

and, 

( 7 )  u2 = u + 0.5 (UCL - Ua) a 

where U equal t h e  stream v e l o c i t y  e x t e r n a l  t o  t h e  j o t .  a 

It is t h e  model computed by use of eqimtior. 5 t h a t  is refer red  t o  

as t h e  Eggers' model i n  t h i s  work. 



CHAPTER I V  

RESULTS AND DISCUSSION 

The experimental  d a t a  and t h e o r e t i c a l  p red ic t ions  of t he  present  

study are presented i n  dimensionless form. A l l  pressures  are nondime3- 

s i o r a l i z e d  by d iv id ing  by the  test stream s tagnat ion  pressure  (P 

Simi lar ly ,  dimensionless coordinates  and lengths  are obtained by d i v i s i o n  

). 

by t h e  hydrogen jet rad ius  ( r  ) a t  the e x i t  of t he  i n j e c t o r .  

noted that a l l  t h e o r e t i c a l  ca l cu la t4n i s  were performed w€th a L e w i s  

It is a l s o  1 

number of 1. 

Free- j et Data 

Radial  p i t o t  p ressure  surveys were taken a t  seve ra l  a x i a l  s t a t i o n s  

f o r  the  f r ee - j e t  mode and a t  t h e  end of the  duc t s  when opera t ing  i n  the  

ducted mode. The p i t o t  p ressure  da t a  (surveys) f o r  each mode of opera t ion  

can be subdivided i n t o  r eac t ing  and nonreact ing cases. 

cases, the  test stream is a i r ,  and i n  the  nonreacting cases  the  test 

stream is ni t rogen.  

I n  the  r eac t ing  

The da ta  f o r  t he  free-jet r eac t ing  cases given i n  f igu re  11 are 

The p i t o t  surveys were made a t  a x i a l  t y p i c a l  and w i l l  be discussed.  

l oca t ions  ( x / r  ) of 1, 19, 30, 40, 56,  and 80. The da ta  f o r  t he  a x i a l  

l oca t ion  x / r  equal one were previously presented i n  f igu re  8, and w i l l  

not be covered here. 

p ressure  bounded by je t  mixing boundaries, present  a t  the  

loca t ion  extend downstream. I n  f a c t ,  the  high c e n t e r l i n e  pressure is 

present  f o r  t he  x / r j  = 19, 30, and 40 locat ions.  However, the  mixing 

j 

5 
The prominent f ea tu res ,  such a8 high je t  c e n t e r l i n e  

x / r  = 1 
j 

2s  
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region has eiigulfed t h e  c e n t e r l i n e  a t  t h e  

c e n t e r l i n e  is not  d i sce rn ib l e .  The reg ions  of no i n t e r a c t i o n ,  previously 

x / r j  = 56 l oca t ion  and the, 

discussed i n  t h e  s e c t i o n  on the  p i t o t  sample, have become tenuous a t  the  

x / r j  = 56 loca t ion .  

fact t h a t  f r e e - j e t  tmt mixing boundary spreads inward t o  meet t he  jet- 

This demise of t hese  reg ions  is a t t r i b u t e d  t o  thc  

test-stream mixing region which spreads outward. 

Other d e t a i l s  of t he  da t a  2re given i n  t h e  following dfscuss ion ,  i? 

which t h e o r e t i c a l  p red ic t ions  are compared with the  da t a .  

The t h e o r e t i c a l  c a l c u l a t i o n s  a t  t h e  f r e e - j e t  test stream bcundary 

were not expected t o  agree  with the experimental da t a ,  s i n c e  t h e  program 

does not  have the  necessary theory for handling t h e  test stream s i x i n g  

boundary. 

is s u f f i c i e n t  f o r  mathematical t m s i s t e n c e ,  but improper f o r  a c t u a l  

boundary condi t ions ,  This approach does not  a f f e c t  t h e  accuracy of thL 

The program tak8.s a constant pressure boundary approach which 

ca l cu la t ions  performed f o r  t he  r eg 'm  Fnriide t h e  tes t  stream mixing 

boundary e ince  t h i e  region is supersonic.  Thus, t he  boundary d is turbances  

cannot be t ransmi t ted  t o  the  i n t e r n a l  region of i n t e r e s t ,  and t h e  calcu- 

l a t i o n s  should be i n  agreement with t h e  experimental da ta .  

an a c t u a l  comparison of t h e  t h e o r e t i c a l  ca l cu la t ions  and t h e  experimental 

da t a  does not  show such agreement. I n  f i g u r e  11, f o r  example, t he re  is a 

Unfortunately, 

comparison of t h e  experimental p i t o t  p ressure  d a t a  t o  t h e o r e t i c a l  calcu- 

l a t i o n s  performes with the  Ferri-Kleinstein v i s c o s i t y  model. 

stream i e  a i r ,  and ' the  t h e o r e t i c a l  d a t a  are f o r  Prandt l  numbers of 0.7 and 

The test  

1.4. As expected, t h e r e  l e  no agreement i n  t h e  region o f  the  tes t  stream 

mixing boundary. For axial loca t ions  d r ,  19 and 30 where the re  is a 
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region of test s t r e a m  not a f fec ted  by the  mixing boundary or je t  i n t e r -  

ac t ion ,  the  agreement is exce l len t .  ( A t  x / r  = 19 these  regions extend 

from y / r  = -7.5 t o  -4 and from y / r  = 4 to  9.) This agreement ind i -  

cates that the  conritant pressure  boundary approach doe3 not  a f f e c t  t he  

J 

J j 

accurary of t h e  program f o r  the  region i n t e r n a l  to t h e  test s t r e a m  mixing 

boundary. However, the  only o the r  semblance of agreement is a t  the  

cen te r l ine  region y / r  = f 1 and that is not  complete. For example, 

the  c e n t e r l i n e  d i f f e rences  between the  experimental and t h e o r e t i c a l  

values  Pr = 0.7 are given i n  Table 2. 

j 

Table 2 

L bl f fe rence  @ 

30 0 

I- 40 I 1 3  I 

I 1 I 

This erratic agreemwt on the  cen te r l ine  suggests  t h a t  t he  a n a l y t i c a l  

technique does not  handle the  wave s t r u c t u r e  i n t e r n a l  t o  the  j e t  (see 

f igu re  71, 

Theoret ical  jet mixfng (spreading) e f f e c t s ,  as indicated by p i t o t  

pressure,  are much too l a rge  at a l l  the  ax ia l  1 o . a t i o n s  ( t h i s  may be 

observed by comparing the  theo re t i ca l  and experimental widths of t h e  

region of i n t e r a c t i o n  i n  f igu re  11). 
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Irl figure 12, the theoretical data computed using the Eggers' vis- 

cosity model (and Prandtl number of 0.7, l., and 1.4) are compare.! to the 

same experimental data given in figure 11. As can be seen, the agreement 

with this viscosity model is about the same as that of the Ferri- 

Kleinstein model. 

true of figure 12. 

Likewise, the discussion of figure 11 is in general 

The nonreacting free-jet case, resulting from the use of nitrogen 

as the test medium, is presented in figure 13. 

obtained with each of the viscosity models are so clo- together that 

only the theoretical results obtained with Eggers' model will be pre- 

sented. In this figure, only the theoretical results obtained with a 

Prandtl number of 1 are offered since this gives the best agreement. 

an axial location of x/r = 19 theoretical and experimental results 

have the same general shapes. The numerical agreement, however, is quite 

poor in the near cen+erline region y/r = 2 1.5. In addition, the shape 

agreement is short lived and 3isappec;rs by the time an axial location of 

40 is reached. For a11 values of x/r 2 40 the experimental data have 

a minimum at the centtrline and the theoretical have a maximum. That is, 

the theoretical data exhibit a valley in the near centerline region. 

These results indicate that the theoretical near centerline Mach numbers 

are too low, thus pr,.'ucir?g pitot pressures which are too high. 

contrary behavior of the theoretical predictions is probably due to im- 

proper handling of-the jet wave structure. 

The theoretical results 

At 

j 

j 

j 

This 

The expected disagreement for the test stream mixing boundary is 

also present. Furthermore, the region of no test stream interaction (for 
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example at x/r * 2 7. to 5 2.)gives excellent agreement between the 

experimental and theoretical values of pitot pressures. 
j 

Ducted nata (Circular Combustors) 

The experimental data for the ducted case are presented in figures 

14, 15, and 16. 

of the four ducts using air test medium (reacting case). 

similar data for the nonreacting case (nitrogen test medium). 

gives the static pressures measured along the various ducts. 

pressure measurements and exit pitot piofiles were made simultaneously 

for each duct. 

test gas. 

Figure 14 presents the pitot surveys made at the exit 

Figure 15 gives 

Figure 16 

The static 

The same technique was used for both air and nitrogen 

The program was unable to calculate the flow field for even the 

shortest (length = 30 r ) duct, therefore a comparison between the 

experimental and theoretical data cannot be made. The inability of the 

program to compute the flow field for the ducted cases stemmed from the 

fact that the underexp.-don shock wavs, which reflects from the duct 

wall, is unable to traverse the region of test stream jet interaction. 

The flow angle computed for the jet and its interaction with the test 

stream ere inconsistent with the shock wave and rhe rest of the flow 

field. The reflected shock is not suspect since it is fully compatible 

with the portion of rhe test stream which has not interacted with the jet. 

j 

An Evaluation af the Analytical Tool 

The utility of the analytical tool as applied here appears quite 

limited with either of the twc viscosity models employed. This is not 
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Figure 15.- Lateral pitot pressure distributions at the exits 
of the four ducts. (Test medluui, Nitrogen) 



47 

u 
u 
n 
6 u 

m 
? 
0 II 

Y 
u 
a 

E 
h 

N 4 



48 

t o  imply that the  inadequacy of the  program is due t o  the  v i s c o s i t y  models 

employed. 

models i n d i c a t e  t h a t  t h e  f a u l t  lies i n  handling t h e  i n t e r n a l  ( j e t )  flow, 

and its i n t e r a c t i o n  with t h e  test stream. 

supported by t h e  f a c t  that t h e  spreading as indica ted  by t h e o r e t i c a l  

p i t o t  pressure is Pxcessive f o r  t he  r eac t ing  case (see f igu res  11 and 12). 

Simi lar ly ,  p i t o t  pressure w a s  cons i s t en t ly  overpredicted by the  program 

f o r  t h e  nonreacting case, p a r t i c u l a r l y  i n  the  near c e n t e r l i n e  region 

which is highly dependent on the  jet  flow. 

I n  f a c t ,  t he  similar r e s u l t s  obtained with the  two d i f f e r e n t  

This hypothesis  is f u r t h e r  

Another f a i l i n g  of t h e  program is t h a t  i t  d id  not d e t e c t  t he  fact 

t h a t  t he  expansion fan  is terminated by an i n t e r s e c t i n g  shock f ron t .  A 

discuss ion  of why the re  is an  i n t e r s e c t i n g  shock terminat ing the  fan can 

be found i n  reference 21, and one may refer t o  t h e  d iscuss ion  of f igu res  

7 and 8 f o r  the  loca t ion  of the  shock. The program has incorporated i n  

it a subprogram which checks the  e n t i r e  flow f i e l d  a t  one a x i a l  loca t ion  

before  each downstream marching s t e p  is taken, t o  see i f  a pressure 

gradient  e x i s t s .  

countered, i t  i n s e r t s  an embedded shock wave. Thus, ?: must be concluded 

t h a t  t he  computed j e t  f l o w  d id  not  produce the  pressure gradient  necessarv 

for shock wave inser t ion .  

I f  a pressure gradient  of s u f f i c i e n t  s t r eng th  i s  en- 

It should be nozed t h a t  a l l  of t h e  shortcomings of :he a n a l y t i c a l  

approach, detected by the  present  work, are assoc ia ted  with the  divergent 

I n t e r n a l  (conical  j e t )  flow and Its i n t e r a c t i o n  with the test stream. 

Thus, t he re  is the  p o s s i b i l i t y  t h a t  i t  can be successfu l ly  appl ied t o  the  

case of underexpanded jets whose flow divergence i s  small a t  the i n j e c t o r  



exi t .  

It is f e l i  tha 
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he a n a l y t i c a l  pr d i c t i o n s  can be  improved by re- 

placing t h e  present  method of handling the  je t  flaw with a c h a r a c t e r i s t i c  

expansion network. This netvork,  wnich would r equ i r e  considerable  e f f o r t  

t o  implement, would be terminated by an i n t e r s e c t i n g  shock f ron t .  The 

i n t e r s e c t i n g  shock may requi re  l i t t l e  add i t iona l  e f f o r t  s ince  the  sub- 

?rogram previously mentioned may i n s e r t  t he  required shock once the proper 

jet f l o w  is cmputed by means of an expansion network. 

gram, which c o r r e c t l y  handles t h e  jet flow by an expansion network, would 

be very us- f u l  and probably effective i n  analyzing underexpanded jets. 

An improved pro- 



CHAPTER V 

CONCLUDING REMARKS 

One of t h e  major tech o l o g i c a l  problems fac ing  he scramje engine 

concept is t h e  a h i l i t y  to  successfu l iy  p r e d i c t  t h e  flow f i e l d  r e s u l t i n g  

from t h e  i n j e c t i o n ,  mixing, and combustion of hydrogen f u e l .  Such pre- 

d i c t i o n s  are necessarv for good design of major components of t h e  

engine (i .e.  f u e l  i n j e c t o r s ,  thh combustor, and t h e  e x i t  nozzle).  Of 

p a r t i c u l a r  importance here  is t h e  a b i l i t y  t o  p red ic t  t h e  flow f i e l d  re- 

s u l t i n g  from underexpanded i n j e c t i o n  of hydrogen. More fundamental, 

however, is t h e  need for experimental d a t a  on a n  underexpanded 

i n  a supersonic f low.  

H2 j e t  

The present  work has  accomplished t h e  t a s k  of furnishing a small 

d a t a  base on t h e  coaxia l  i n j e c t i o n  of a n  underexpanded 

supersonic fLw.  

or nit rogen,  and a Mach 2 hydrogen j e t  whose e x i t  pressure is approxi- 

mately twice t h e  test stream s ta t ic  pressure.  

test stream has a s t a t i c  temperature of 1338 K, d a t a  with and without 

combustion is  provided. I n  add i t ion ,  t h e  f a c i l i t y  w a s  operated i n  a 

f r e e - j e t  mode and i n  a ducted mode furn ish ing  da ta  f o r  four  d i f f e r e n t  

duct  lengths.  

var ious a x i a l  l oca t ions .  

f i l e s  a t  the  duct.ends and s t a t i c  pressures  measured along t h e  ducr: wal ls .  

In  addi t ion,  t h e  present work t e s t e d  the  u t i l i t y  of an a n a l y t i c a l  tech- 

nique designed t o  p red ic t  t h e  flow f i e l d  r e s u l t i n s  from t h e  i n j e c t i o n  of 

H2 jet i n t o  

The d a t a  obtained a r e  for a Mach 2 test stream of a i r  

Since t h e  a i r  or nit rogen 

The f r e e - j e t  d a t a  c o n s i s t  of r a d i a l  p i t o t  p r o f i l e s  a t  

The ducted da ta  c o n s i s t  of r a d i a l  p i t o t  pro- 

50 



51 

an underexpanded jet into supersonic flow. 

paring experimental data with theoretical predictions. The theoretical 

calculations, which cover a wide range of Prandtl number (0.7 to 1.4), 

were unable to correctly predict the experimental results. 

The theory is tested by con- 
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APPENDIX A 

THEORY 

General Governing Equations 

The basic governing equations are the well known "viscous-inviscid" 

equations used in higher order boundary layer and viscous flow field 

analysis (see references 15, 16, and 17) with the finite rate chemistry 

terms included. These equations are evolved from the full Navier-Stokes 

equations by assuming that the transport effects depend only on gradients 

normal to the streamlines. 

the inviscid form.) 

(The norms1 momentum equations are kept in 

These equations, written i n  nondimensional form for an intrinsic 

coordinate system (with s along the streamlines and n normal to the 

streamlines), are as follows for axisymmetric flow. 

Gloval Continuity: 

S-Momentum: 

where, 

V-Momen t urn : 
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Energy : 

"i hi 

where , 

Species Conservation: 

s + wi 
3i 

P4 as = 

where, 

S t a t e :  

(A4 1 

(A5 

where, 

For supersonic flow f i e l d s ,  t h e  above equations (A1  t o  A6)  have a 

dua 1 mathematical na tu re  ( see  reference 1 5 ) .  That is, they exh ib i t  

f e a t u r e s  of both hyperbolic and parabol ic  systems. 

of r e fe rence  9 ,  t he re fo re ,  uses a numerical scheme employing n charac te r -  

i s t i c  network i n  conjunction with a boundary l aye r  t y p e  network t o  y i e ld  

a coupled so lu t ion .  

The a n a l y t i c a l  t o o l  

Thie scheme is thoroughly discussed i n  re ference  1 7 ,  
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and will not be fully covered here. 

of the approach used by the scheme is offered. 

However, the following description 

Essentially, the approach finds a characteristic solution which 

feels the effects of diffusion and finite rate chemistry. This is 

done by treating the diffusive and chemistry terms as forcing functions 

in the "compatability relation" along characteristics. Treating these 

terms as forcing functiom r ;ults in the characteristic directions of 

the viscous system being exactly those of the inviscid system. 

the frozen Mach line (Ct) 

Namely, 

and thus the streamlines are defined by the equation 

S!Y = t m  o dx (A8 1 

The compatibility relation can be shown to be (see reference 17 for 

an excel lent der iva t ion 1 

(A9 1 

sin -i 
cos (0  d p ) d x = O  f 

The program of reference 9 is designed to analyze the mixing and 

combustion of an underexpanded 

the equations previously presented are not sufficient. Since the jet is 
H2 jet; therefore, it is apparent that 



underexpanded, it has an exit pressure greater than the test stream 

static pressure and must expand into the test stream. Tne expanded jet, 

however, is seen by the test stream as an obstruction and an exit shock 

wave is generated. In addition, embedded shocks caused by combustion 

compression are possible downstream. 

the expansion and shock calculations are also incorporated into the 

The equations required to perform 

program (reference 9). 

The expansion was assumed to be isentropic, two dimensional, and 

inviscid in the limit of vanishing radial distance with respect to the 

injector lip. These assumptions allowed the use of the following 

isentropic relations (Prandtl-Meyer expansion) neat the injecLor's lip. 

1. State p/pY = constant 

2. Energy h + 1/2 V2 - constant 
3. Momentum + 1 / 2  d(V2) - 0 

4. 
P 

= o  Compatibility - d(&nP) f co9 ~ sin cI 1 dO 
Y 

In the case of the shock wave, it was assumed that the chemistry 

was frozen across the shock and that 1: was two dimensional (the 2-D 

shock Is an exact solution for the conical shock if there I s  no angle 

-i attack), Thus, the following Rankine-Hugoqlot relations were incor- 

porated Into the p*ogram. They are: 

1, Continuity plUl = p2U2 

2. Normal Momentum p1 + p,(U,) = p2 + p,(U,) 2 2 

= v  
t2 

3. Tangential Momentum 

4. Energy H = h + (1/2)V2 = constant 

where, h - C alhl(T) 



5 .  S t a t e  p = p(p,T,ai) 
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( A 1 8  1 

Exit (Underexpsnsion) Shock 

A s  previously s t a t e d ,  when the  j e t  expands i n t o  t h e  t es t  stream an 

exiL :L,rdaexi..ansion) shock wave is generated.  The idea l ized  flow re- 

s u l t i n g  from such an  i n t e r a c t i o n  is depicted i n  f igu re  A i .  

Altho,zh i t  can e a s i l y  be deduced t h a t  the pressures  ( p ' s ) ,  and 

flow angles  ( 0 ' s )  are ?qual on e i t h e r  s i d e  of t he  s l i p  l i n e  separa t ing  

the  regions 1 and 2 of t h i s  f i gu re ,  i t  is not t s s i b l e  t o  c a l c u l a t e  them 

by a d i r e c t  , sthod. Fortunately,  the downstream condi t ions can be ca l -  

cil lated bv the  i t e r t t i v e  process t h a t  follows. A shock angle  is  choscn 

-1 (an angle  s l i g h t l y  l a r g e r  than 

downstream proper t ies  (Pl, T1, 0 , e t ( - . )  are co,nputed. 

expanded from i t s  e x i t  p ressure  t o  the  pressure  

angle  O2 

O1 

above procedure is repeated u n t i l  convergence i s  obtained.  The stream 

s i n  (l/Mm) i s  a good choice) and the  

The j e t  is then 1 

p2 = pl. I f  t he  f lod  

assoc ia ted  with t h i s  presslire does not equal :he flow angle  

downstream of the shock wave, a new shock angle  is se l ec t ed  and the  

p rope r t i e s  (p, 0 )  f g r  which conv.-rgenzp is  obtained are the  p rope r t i e s  

e x i s t i n g  across  the  s l i p  l i n e  of f i g u r e  A l .  
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APPENDIX B 

MODIFIED C@MF"JTER PROGRAM 

The o r i g i n a l  program of reference 9 hzs been streamlined and mod- 

i f i e d  to  t h e  ex ten t  t h a t  i t  is not  r e a d i l y  recognized as e s s e n t i a l l y  

t h e  same program. 

same marhematicel r e s u l t s  for t h e  cases  they are both a b l e  t o  hacdle. 

(The o r i g i n a l  program w a s  not  a b l e  to  handle shock waves which ran from 

t h e  ewer boundary toward t h e  c e n t e r l i n e ,  and various o ther  s u b t l e t i e s . )  

The vers ion  given here  has  t h e  F e r r i - U e i n s t e i n  v i s c o s i t y  m o d e l  as did 

t h e  or'.ginal of reference 9. 

Numerically, both old and new vers ions  g ive  t h e  
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WRITEI6.112) ( 1 9  IALP(J.1). J-1.7) * o H I ( I )  r M ( 1 )  . I = l *NPTS)  

1FIKOUNToGE.UKKKKICO TO 1 5 7 2  
I F ~ I I l l ~ E C ~ l )  GO TO 1 5 7 2  
ALPH A t 1  0 
BETA=C* 0 

179 CONTINUE 

C A L L  Z f E P t V I S b  
~ F ( I I ~ ~ . E C . ~ )  GO TO i c 7  
I F ~ ~ O U N T o ~ E ~ K F I P S T o O R ~ I l 3 ~ N € o l ~  GC TO 300 

00 3 5 1  I=JSURC,J$UBU 
CALL PUNCt- 

I PQI(I)=V (1) 
THPQ I t I ) = TH I I ) 

3P1 CONTTRUE 
3CO CONT IWJE 

8282 CONT IWU€ 
CALL CHEH IFAS) 

ICONT=O 
IENO=C 
K= 1 
L= 2 

888 K=L 
887 IF(L.GE.JSUBL.ANO.L.LE.JSUSU9U) GO T O  9CO 

K t = L - 1  
IFIL*EP.bFTS)COTO 6 1 2  
I F  tL.EO. JSUBU.AND.ICONT~EQ.11 GO T.0 1 6 2 2  
I F  (BETBf 1) .€O.O .AND. BFTB12 1 .EQ.O .PNO. eE 1 9 t 3 )  oEQ.O.. AND. S T 9  t b )  . 

AEO.J.IGO TO 777  
I F  (BE TB ( 1 b .GT 0 OR. BE TB ( 3 1 GT 9 I 777 776 

777  I F ( K . E C . I S ( 2 ) . 0 9 . U o E ~ . I S ( ~ )  )GO T C  8236 
I F  ( Y  hE. I S  ( 1) -1) 82  31.775 
I F t Y * I E  I S  (3 ) - 1 ) 8 2 ? b *  773 

776 I F I K o I E ~ I S ~ l l - 1 ) G O  TO 11 
0 2 3 1  

775 PMP-1 
K = I S  (1) 
K l = Y  
GO. T O  8222 

11 I F t K o N E * I S ( 3 ) - 1 ) G C  TO 22 
773 MMN=3 

K = I S ( 3 )  
KT=K 
GO T O  8 2 3 2  

MMM= 2 
GO T O  8 2 3 2  

MMUn 4 
GO t O  8232  

2 2  I F ( K . N € * I S ( 2 ) l G O  T O  3 3  

33 IF(KmkE. IS(41)GO TO 4 4  

44 ~ F I K . E O . I S ( ~ ) + I ~ O R O K . E ~ ~ I S ~ ~ ~ + ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
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C A L L  CPOIAT 
K T = L - l  
THO€= 1 H Y t K )  
ALPH 4= e 5 
B€TA=o5 

26Cl CALL C P C I A T  
UT-L-1 
I P O I -  IPO I * l  
I F f I P O f . l T ~ Z O ) G O  TO ZhnZ 
W R 1 1 E ~ 6 ~ 9 1 9 1 )  

W Q f l E  (6.2197) K 

STOP 

THOE=lWNtIO 
I F I E P ’ b O o E T o E X X X )  GO TO 2 6 5 1  
ALPH A=ALS V 
SETA =e€ sv 

9191 FORNAT (1Hl) 

2 1 9 7  FORWAT(53H FSROR I N  STPNDAPD C P O I N l  ITERATION I N  CHAR P T  POINT 1 2 )  

26C2 ERfHJ=dBS( fHOE-TMNl~ )  1 

C ....4...*............... INCREPELl COUNTERS 00 NEXT C POINT 
9 C C  CONTINUE 

K=K* 1 
IC ILoEQoNPTf )  GO 10 76?€ 
L = L + I  
I F ( I C C N I o L Q o 1 )  GO T O  888 
GO TO 887 

C N@ZZLE YPLL CALCULATION 
6 1 2  CONTINUE 

I P O I = l  
A L S W  A 1  PH A 
B€SV= BETA 

KtNPTS 
THO€= THk ( k )  

CALL LPCIkT I N P T S e l o )  

IF ( IoRESUo E Q o C  1 THOE*PN(KI 
ALPH A=. 5 
B E f A t  e 5  

Z6C7 CALL LPCIAT(NPTS,lo) 
K = Y P l S  
I P O I ~ I P O I + l  
I ~ l I P ~ I ~ L T ~ 2 O ~ G O  T O  2608 
WRI lE l6 .9191)  
ARITE 1 6 ~ 2 1 9 ~ )  

2198 FORMAl(51N ERROR I N  NOZZLE WILL CILCUL~TION ITERATION I N  CHAR1 

2608 E R T H D = P B S I T H D E - l ~ N ( Y ~ ~  
STOP 

IF t X’RESUoEQoOI E 4 T H D S A B S t l . ~ T H D L / P N ( K ) )  

If I 1PPESU.EQ. C )  Tt’SEaPE (KI 
THOE=THN(K) 



68 

1FtEBfHO.Gt.EKXYb GO TO 2607 
ALPHA-ALSV 
BETA=eESV 

C COWPLETE FIRST POINT 
7676 COW INUF 

IF(JSUBL.EQo1) GO 1 3  l 8 e C  
CALL LPCIhT(1rO.b 
Y= 1 

A L  SV= LLPH d 

TMDE= W N  I K )  

xpax=i 

e~ sv= eE t a 

1FIIPQESS.EO.C 
A LPH A= 5 
BETA= 05 

2 6 0 9  CALL LPCINTI l rO . )  
K= 1 
I P O I = I P O I + l  
IFIIPOI.LT.70)GO TO 2610  
URITE(6.9191) 
WRITE ( 6 r 2 1 9 9 )  

2 1 9 9  FORNATI39P ERROR IN F I Q S T  POINT ITERATICk  I N  CHAR) 

2610 ERTnOtA@f(THO€-T~N(K)  1 
STOP 

IFtXPRESSoEO.: ) ~ R T H D = ~ e S I l . - T n D E / P N I K )  1 
THOE=THNlK) 
I F (  1PPESS.EQ.O ) TnOE=PNJIK) 
If JIERTFD.6loEXXXI GO T O  2639 
bLPHA=aLSY 
eE T o = e€ su 

C SUBSONIC PRESSURE ITERATION 
1800 CONTINUE 

IFIISUB.€G.C) GO 10 1 6 2 2  
IF I ICCNT*€Q. l )  GO TO 1622  
IF IIlS*NE.l.OR. KOUYT.NEoKFISST) GC T O  1 7 l 7  

CALL OPOTHI THSII. JSUBU+l) 
CALL CPCIHtTHSL*JSURU-1) 

CALL o P o w t i n s I J s u e u )  

CALL TPSSStTHSS) 
A U P d  (JSUEU) 
B U b  T bh t 1 H t JSUeU) ) 
I F ~ I R E G I . h ~ ~ Q ~ A N U ~ J S U B U . E Q . J 2 2 )  GO 10 R375 
C U e = t ~ S I C C S I T H I J S U B U ) ) . . J  
OUP. (THPS *3..TAN(THi JSUBU) I *ThS.THS) /C@S(TH I J S U S U )  
€UP= -4.0 95 
GO T O  8376 

CUP+ 0. 
O W = - 1  

8314 CONY f NU€ 
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EUP= 2.  
8 3 7 6  CONTINUE 

00 3 8 1  I=JSUBL.JSURU 
3 8 1  CllLL OPCTHtDTSPPI t I ) . I )  

1777 CORTIhUE 
CALL SSCbIC ( 106) 
IF(InG.EC.9) GC T @  1622 
r r i i = i  
IPUNCP=l  
GO T O  4 ? 7  

1 € 2 2  CONT I h U E  
I F ( I S U 6 . E C . S )  GO TO 3 5 9  
IF(JCCNV.EO.1) G O  T O  36C 
1 F t K ~ U N T . h E . Y K Y O - 1 )  G O  TO 3 6 1  
1FtIWFfSh.EQ.C) k P T W = N P T 5  
I N D f S b = j  
REWINC 7 
r 3  T O  ?e3 

I NPT SH-': 
3 5 9  OC 3 5 7  I = l * N P f S  

I I = Y P T S - I * l  
IFtEHN(II).GT.EM5U3) GO T O  3 C 7  
IFtISUB.EO.1) G O  TO 355 
Is lJR= 1 
URITE ( € 9  3 C k )  

36C NPTS=hPTSH 

354  FOPMATt37Wl  SL'JSONIC REGION ENCCUNTERED) 
EHST=FHSUP 
FNSUB=l.lC 
APl=O 
XR€G I = O  
GO T O  359 

355  K = I I + l  
I F  tIREGI.EQ.1) K=JFUBU 
GO T O  3513 

3 5 7  CONTINUE 
I R E G I  =2 
G O  T O  361 

358 CONTIhUE 
1FtJCCNV.EQ.O) GO T O  l b i 7  
JCCNV = O  
DC 1416 I= l .NPfS 
I I = K P T S - I * l  
IFtEHh(II),GT.EMST) G O  f C  1 4 1 8  
GO ro 1 4 1 7  

1 4 2 8  CON7 ICUF 
IREG I = Z  
113=0 
€HSU B=E M S  T 
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910  

800 

802 
8 t  1 

if! 

I F ( E N ( I ~ o C T o E H S U 8 ~  GO TO 919 
JSuBL=l 

GO TO O t M  
COW1 I NU€ 
GO TO 601 
CONI I hUE 

I I e N P T S - I  +i 
I ~ ( E R ( I I ) o G T . E N S U @ )  GO TO O C Z  
JSU0U= I I + 1 
GO TO 831  
CONI TNUE 
CON1 IkUE 

Isue= t 

00 802 I = l * N P T S  
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50 OELY=Jo 
5 1  00 5C2 K = l o N P T S  
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60 30 

60 bl  

60 42 
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IF(KLFeLE.20) GO TO 603C 
WfTE(6.6081D 

STOP 

YN ( Y )  =YSIAR 
THNtK)=tHSTAR 
XOECl=XCEL/4e 
00 1417 1ri.l 
XO€=XO€LI~FLOAT (I 1 
XPRNT=XIF tXM 
Y P R N l = V P R I ~ K ) 4 O Y t X ~ X D E t O 2 ~ O X 2 ~ X D E ~ ~ 2 + C T E R n ~ X O E ~ ~ 3 ~ O S  

6081 FORVAT(. TOO MANY ITERITIONS FO2 ON€ POINT I N  SSONIC.) 

6034 IF(KaEO.1) GO TO 6036 

T H P R N T ~ A l ~ N ( O V D X + 2 . . 0 2 Y ~ X 2 ~ X O € t D T E R n . W O E ~ * Z ~ e S ~  
WRfTEt6a1419) KaXP~Nf.VPRNTrTHPRN7 

1419 FOPHAT 15X915.5X 93E13.5) 
ill7 CONTINGF: 

6036 ERTH=THSTAR-TMN (JSURL) 
GO T O  3 8 6  

JCONV=O 
I l S * Z  
ERTHL (LPE l=ERTH 
fF (L IJUHPeEP. l I  GO TO 2 5 0 1  
IF (ABf (ES1ML(LHE)  ).LT.aOCl) GO TO 2501 

GO TO (250292503)  *LNE 

DTM82=OTHB 

GO T O  2504 

L K I P = L K I O * l  

2 5 0 2  LH€=2  

otHa=ctHe-.o 5 

t f (ERiHL( i ) .EwtrL(z ) .Lt .O. )  GO to 2505 
2503 I F t L I C C e E O a i )  GO TO 2505  

IF(LICKeEO.1) GO 10 2 5 0 6  
L ICK= 1 
RTHL 0.5 
IF tABS(EWTHL(2)  ). tT.ABS(ERTt’Lt l)) 1 RTHL=-RlHL 

2506 fFtABJ(tR.TML(2) ).GTaPBS(ERtHL(l~ 1 .AND.LKIP.GEIL) GO TO 2557 
oiWet=otHeZ 
DtH82=0Tt’B 
DTHQ=OTHC+RTHL 

2509 ERTHX=ER1HL(l) 
ERTWL(l )=ERTHLtZ)  
IF(LKlP.LE.10) GO TO 2 5 0 4  
WRITE (6a2508D 

2508 FORMoT(* TOO PANV ITER&TfONS I N  LOHER WALL LOOP I N  SSONIC*) 
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101 



102 

V l = V f S  
O V l = O Y  
T A l t  TA 
O t l f  O f  
B O l = B O  
V l S Y P I  
TMlatH 
Cl=CeX 

Q X l r O C  
CMl=CP 

s2ms2 
S S I t = O  
S S ~ t = O  
SS0t.P 
00 1 0 4  
4~210~1  
QOI= 00 

o m o e  

s ie=si  
6427 coNttb 
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104 



10 5 
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AP0EtS=PI11 /PIN 

IPQESU=l 
APRE SU=P f hPTS I / F I N  

2 1 C l  CON1 INU€ 

2100 I f  (VCNQTSN oEOoVTPoQQo ITYPoFQ.31 GO TO 2101 

LFINPISoLToMHAXN GO TC 10CO 
ISC=O 
00 7OC I=lr(r 

7 C C  I F I I S ( 1 N  ohE.0) ISCtISC@l 
I F I t T V P o B E o 2 o O R o I S C o N E o C o O R o I ~ U ~ o ~ E o 3 ~ l G O  TO 701 
VQ=YTP 
If IV I F P T S I  .LF0V i P - t . ~ O E L T A V ) Y O = V I N P T S ~ t O E ~ T A Y  
I u=1 
u=i 
NP=FlPtS 
IFIINPlS/21.2oN€.NPTSl GO TO 702 

e t @  J=NPf5+1 
YoNPTS 

V I Jl = V G  
N P T S = k P T f t l  
IFUN= I V  I J).(KJ2 t V  I JI *IJI-VIKl*( XJZ+Y t U 1  . Y J l  )/KJl 
W A V = O k C  I K I  O Q I U  )*COS t THt lo I 
XN4SS IJ) =XMASS (KI M ’ 3 A  V*VFUN 

PPRE SU=P t W TS 10 F I N  

CALL S W f T C H I J * K I  

TH (NPTSI X C  

GO T O  I702*903)*IX 

00 T P ?  U=3.NP-Z 

CALL S W I T C H I J ~ K I  

OELfbV~CFLTAY’Z. 
IFIIKoEOoPI GO T O  7 3 ‘ ~  

7C2 J = l  

J = J + l  

IC3 CONTINUE 

NPTS= NPTSf2 e l  
GO T O  1 O O E  
IF I I tYPobE 0 3  .OR. IS I 3 )  .EO. C OR. ISUBoNE 0 0  .OR. ISCONE 1 1  
I K = 2  
NP=I s I 3  1-1  
I F I I N P / 2 1 ~ 2 o N E o N P I  GO T O  TO2 
IO=l 
fF (V  I11 o G E o V B O T + 2 o ~ O E L T A V + l ~ € ~ 0 3 1  GO T O  706 
v T=V BOT 
GO T O  707 

IC6 V T = V  I 11 -CFLTAV 

K=NPTS+I-KK 
J = K t l  

791 GO T O  30 3 

707 00 T O R  KK=l*NPTS 

CALL S W I ~ C H I J I K )  

ORIGINU PAGE YS 
OF POOR QUALITY 
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7ca CONTINUE 
NPfS=NPTS+l  
00 7e9 It1.b 

1FfISUR.ECoOt GO TO 7 1 0  
729 I F I I S I I I . N € . O t  I S I I t ~ I S ( I t ~ 1  

JSUBLrJSUEL + 1 
JSUB U= JSUeU t 1 

VfUNa I V I 2 I * ( X J Z + V I 2 I  * X J I - V I  1 l . I  X J t t V I  1) * X J I  t / X J 1  
ROAY=RHO (2) * O I 2  I .COS I TH I 2 I I 
YWASS I I )=XnASSI2)-59PV*YFUN 

b P R E S S = P I l t / f I N  

710 V I l I = V l  

TH (1 I X U  

GO TO I7llr9Ct) *IO 
7 1 1  N ? = N P t l  

GC T O  t C 2  
7Gb I S N I 3 t = N F / 2 + 2  

IO= I S  I3 t -1 SN I 3 I 
I S S = I S I 3 I  
I S ( 3 I = I S h I 3 t  
00 ?05 KPISSrNPTS 
J = K - I O  
C A L L  SWITCH( J * K I  

YPTSt NPTS-I 0 
GO T O  1000 

I t C P =  k P  T I 

I f B O T = l  

U t Y = V  t I T C P I  - V t I @ C T I  
OELTd b C l V / F L O A T  1 1 WYA X-INPTS-ITOPI - I S  IS) 1 /2-1CT 1 
I t b I B O T  
ISNtl t * I S ( l )  
I S N ( Z I = I C I 2 t  

I S N I b ) = I S I Q t  
JSUBLN= JCUBL 
JSUBUR= JCLSU 
roe= I 9  
I M G - 1  
I F I I S f 2 t o E Q o O I  GC 1 3  501  
I t 2 I S t 2 )  
GO TO 5 0 2  

7C4 CONTILU€ 

303 I C T r I S C  

I f  I I S  t 3  t .NE. 01 I T C P t  1st 3 1 - 1  

I F  f I S f b ) o N € . O I  I B O T = I S I b t + 1  

I s u f  3 ) 8 1 s ( 3 )  

5 1 1  IREG+2 
1FtfSUB.EOoCt GO TO 5C.4 
I F t J S V B L . € Q o l t  GO 10 903 
I T =  JSUBL 
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GO T O  502 
503 CONTINUE 

IB=JSUBU 
Iemm 

5Eb IREC=G 
IFtIStl)*fQeO) GO TO 505 
I t r I S t l l - 1  
GO T O  5 0 2  

5CS IREG=S 
IFtIS13).€9eO) GO TO 506 
IT=fStJD-1 
GO TO 5 0 2  

506 fT=NPlS 
5C2 HP=~YtITl-V~IBl~IOELTAY 

L=19 
J2- i  
O ~ L = ~ Y ~ I l ~ - Y ~ I 9 ~ ~ / F L O A l ~ M P ~  

5932 CONTINUC 

Y= I8 
X NtJBfX t K )  
V NtJ)=V ( K l  
0 NtJ l=C ( K )  
P NtJ lSP ( K )  
1 N(J)=T (Io 
U NfJ)=U ( K )  
R NtJ)=R (Kl 
EM N t J l I E M  t K )  
TH NtJ)=TH tK)  
89 N(J)=BQ f K )  
TAU NtJ)STAU t K )  
080 N(J)=CBQ ( K )  
GAM NtJ)=GAM tK1 
RHO NtJ)=RHO ( K )  
XMU NtJ)=XMU t K )  
CPX NtJBfCPX t u )  
OCPX N t J )=OCPX f K ) 
DfAUNtJ)*OTAU tK )  
XMASSE(J)=XNASStK) 

J=me 

003108 JJa l rNSP 
H N~JJ IJ I IH  fJJ.Y) 
CP NtJJIJ)=CP tJJeK)  

OALPN t JJ, J l  t OALP 4 J JI K )  
OOALPh (JJI J l *OD ALP (JJ .K l 

GO T O  tZZOlr2901)rJZ 

n u  N(JJ,J)=ALP IJJ.KI 

3108 CONTfhUE 

2 2 P l  00 60C KKnl .MP 
T=KK + f e e - i  
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6@2 

6 6 1  

1200 

1261 

55 
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119 
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b0 82 

103 
1 0  1 
lC2 
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DACMM=D 
OACWB t J 
OACHPtJ 

bo60 CONtIW 
U e l o I W  
RlbROlW 
6AMBrCP 
O R e i o l R  
RH08=PB 
EN@ 06. 

WtOEL* 
Y P t l  
x e t 1  
Q P t l  
P @ t i  
T P t l  
w P t l  
@ P I 1  
TH P t i  

ea P t l  
RMO P t l  
m u  P t l  
CPX P f l  
CrM P t l  
TAU P t i  

DtAUPfi 
OcPXPt1 
DO 3939 
4LP e t  
OALP Pf  

1939 OOALPPt 
8892 CONTINU 

I f  f8ETA 
TAVWfIB 

OCPXN t 8 
OTAUNtI 
TN (1 B m t  
WNfIB=W 
DOQN t 1) 
CPXN f 1) 
CHOCsCH 
OObO7lJ 
OACPN fJ 
ObALPkf 
HC f J B W 

xnuee zn 

En p t i  

080 p t i  

e a w m  

I1 

Y 
1 
IL 
' j  
'I 

E 
It 
E 
I 
I 
I 
I 
I 
I 
J 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 

al 
J 
J 
E 

a 
a 
I 
I 
4 
I 

a 
2 
a 

J 
4 

14 

e 

M 

r 
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YOOTCf J) =UOOtNt JI I B 
1C71 CONTINUE 
90 70 CON1 INUE 

I F f B E T P * E C e 9 * b I  GO TO bClZ 
CMZC=O*O 
DO 1 0 7 3  J'lrNSP 
HC f J)=HN t J. I D 
UOOTC tJ)=WOOfN tJ.1 b 

1 0 7 3  C H Z C = C H Z C + O A L P N I J r t ) * C P N ~ J ~ I )  
40 72 CON1 IRUF 

v i=v  Isa 
V t = V I S C  
OVl=3VtSe 
cvz= nv ISC 
T A i = T P U @  
1 PZ= 1 PUN t 1) 
O f 1  =OTP(;E 
DfZ=OTAL'F t I) 
901-eco 

l l = V e  
Y 2 Z Y  N t I) 

fH2= T hNf I ) 

Cl=CPXB 
CZ=CPXN t I ) 

R Q Z = ~ C I V  t I ) 

wi=  m a  

5 1  R t  S 1 f X J. QE I 

r l ~ i = o e ~ e  
c e ~ = o e ~ ~ t t )  
oXl=OCPxe 
PXt=OCPXh f I ) 
cni=cw,~e 
CH2'CHZC 
IFtOEL.€CmJ*)1*2 

V l ~ V I S O  
OVl=OVISC 
TAl-TPUf I) 

9 o l . e Q f I )  
Y l = V (  I 8  

S I  01 S i  t X J r(ZE J 

2 SZB*SZ(KJISF~ 

3 V i - V I S 0  

1 S2BXSZtXJ.RE) 

oti=otnutI) 

T H ~ = T H  t 1) 

GO T O  96 

56 I F f O E L e E C * O ~ )  314 

O V l =  ov I SD 
C1=CPYl I )  
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b 

5 

8 
bo75 

60 
61 
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1 C O  

7482 

s i t 1  

3232 

Ab4 
Tbctb 

I F  (ABS 
OELS.2 
t e R M 2 r  
IFtOCT 

I W N t I )  
OTml.0 

fC(Ab8 
IFtBBT 
OTCMfM 
OTOIrr 
TNtII. 
I f  (Ab8 
CPXN t I 
WNtI). 
CALL T 
004000 

QN(II= 

I . 
m 
1 
1 
1 
I 
I 
1 
a 
a 
1 
I 
I 
0 
II 
J 
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H t  
H I  
H t  
Y t  
(It 

E: 
ce 
ce 
ce 
CO 
CB 

RE 
EN 
SU 
O f  
00 
IF 

8 J 6  
TE 
GO 

9 l E  
60 

10 co 
11 a€ 

EM 
FU 
UM 
I F  
RE 
EN 
CU 
NM 
If 
R€ 
EN 
CU 
XM 
I? 
I€ 
W 
tu 
co 
co 
CC 
co 

C 
co 

ce 

II 

I 
1 

11 

4 
1 

R 
0 
4 
1 

11 

4 
1 

I 
m 
)1 

II 

tl 

a 
a 

a 

a 
a 

m 

m 
a 
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COW ONIOSIIHOP t PD *WOO 1 t 7 55 ) .YOOlC ( 7  B UP (2 D .XNUPtZ D 
COHH ONIT 601 I N 
DIHENSION ASAVEtIB.HTNOLEt?).ALPHAt?D 
UlRCLE (1) = l . O C O  
Y THOL E (41 D t 16 
w l n 0 L E t 3 B = l ~ . 0 l e  
WHOLE (4) =2.016 
WHOLE (5 D=32 G 
W T W O L € t 6 J ~ l t ~ 0 0 8  
W~HOLEtt)~28oOlS 
l X X = t I  
Pxx=Pl 
UXX=Ul 
TERR=RHOleUl 
T I ~ T I e f I N e ~ O O l  
P l = P l / F I h ~ P ~ E S / 2 1 1 6 m  

O E L l A f = l m E ~ ?  
U l = U l * U I h  

l l E L ~ A W = U l ~ D E L l A l  
JER=I#f lCX0OFLtAX) 

O€LX=OW~~LOlltJER) 
TSAVErTI 
00 2 0 1  -1.7 

201 ASAV€tJ?=PLPHAtJD 
Ol=OELX/Cl 
P t Q I  
OP=2116 m08951 7. 
RM=P+C?/lI+.: -1 
00 1 0  JERRI=l*JEQ 
P=?l 
ou*o .c 
00 96 Jt1.T 

RHO I =RM/CUN 

I F  tJERoEO.0) JER'l 

90 D \ I ~ O C W ~ ~ S A V E t J D ~ U l ~ O C E t J D  

IFtICCFEMmEQoO) 
l Y R I l E t 6 ~ 2 5 0 )  1ItP~R~OI~ASIVE~DTefNeALPHN 

250 FORCAfte POCUS FROM ~ ~ C U S ~ ~ l O E l i ~ 3 ~ l 7 X ~ l O E l l . 3 / ~  
CALL C O C U S ~ l f r P ~ R H O I r ~ S A V E l b t r f N )  
IF t 1ccrw.m o B 

tWRftE t6r250) 

1WRI lE  t6rS32l 

TI.PIRHOI~ ASLVEIOTI l N e  ALPHN 
I): tICCEEW.EO.0) 

232 FORMAT(//) 
IFtJERRYmhEmlI 60 TO 100 
00 110 JS1.7 

110 WOO1 t J.L D rlERIIe t ALPHN (3) -AS LVE t J B B /DELI  
1 0 0  CONTINUE 

I F  tJ€RRIoEQeJER)GO TI) 10 
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e = 0.0 

o = a.a 
c = 0.0 

E * 0.0 
F = 20SQ70497E 0 1  
G ~-Qm6001096E-01 
60 T O  40 

16 A = 3 . 0 z i 8 r ~ w  oa 
8 =-2.1737249E-O3 
C 3.75CtZOSE-06 
0 =-2.9967200E-09 
F = 9.0?77561€-13 
F = 2.9137190E 04 
G = 2.CbIOO76E EO 
60 TO I O  

ii A = 3.nt3btom 00 
0 =-1.1167229E-O3 
C = 1.246€819€-06 
0 x-2mlC35896E-10 
E P-5.2 SC655iE-lb 
F = 3-5852781E 93 
G = So8253029E-Cl 
GO TO CO 

8=1.0378€-02 
C~-lr07339€-05 
bt6m 36592E-09 
€=-lo €2807E-i2 
C=-bo8352CE+04 
G s l O  6616 

19 Aa2.49125 

18 A02m1701 

60 TO b0 

@?a 643626-0 3 
Cat. 9775SE-06 
0s-1 2957 8E-0 0 
Em5m 03070E-12 

G=C 
F = - s ~ . ~ c  

GO TO QO 
20 GO TO ( 2 5 r 2 6 . 2 3 r 2 1 r 2 2 r 2 7 r Z Q r ~ 8 r 2 3 ~ r I  
21  A = 3.0136897E 00 

B * 6.1187110E-04 
C *-7.3993551E-09 
0 ~ ~ 2 . 0 3 3 1 9 0 7 € ~ 1 1  
E 2.4593791E-15 
F ~-8mSQ91002E 02 
6 ~-1.C481339E 00 

22 A t 3.5976129E 00 
GO TO CO 
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Cn-1 29tlt-06 
~ 2 * C l C ? E - 1 3  
E l 0 1  eb?bSE-lb 
Fs-b 0 89bCE+O 4 
t s - o  7287e 

29 b3 . lQ961  
GO TO CO 

mi0 0 2 2 7 ~ E - 0 2  
C=-3*050 32E-06 
0x60 T7198b40 
E=-b 0 501 3%-IC 

G=e 0 

SO SETURN 
€ N3 
FUNCTION S2fXJr6EB 
COHWONIEG0E IN. PR r XLE 
COHMOWSS/4Llr AL2 r B Q l r B 0 2  *Cl rC2  *CHl.CHt r OCl rDBZ. 001 ~ 0 0 2  roll 0012 r OV 

SPQZ 1 I P R  

F=- sn @so 93 

b l ~ C V Z ~ P X l ~ P X 2 ~ T A l r T A 2 r l ~ l r l H 2 . V l r V Z . r l . Y 2  

TERM 1 = Yl eCIWRloRPRW 2*C2 *O BZ*RPR 
T€RH2=Cl*OVl eBOl*RPR+ CZ*OVZ.BOZ eRPR 
T E U ~ 3 = ( V 1 * B Q l ~ ~ H l + V ~ * 0 Q ~ ~ C ~ Z ~ * X L E * ~ P R  
TERMb= (Vl .BQl*Pl l+VZ*SQt*PX2~ 'RPR 
T ERNS= ( V 1 .T A 1 *2 *VZ*T &2**2 ) *t IN 
1ftXJ.NEmCo) GO 10 10 
TERM6tO 
GO TO 2 

I F t l T o L E * l o E - 1 0 )  GO TO 20 
1 0  YT=Vl*V2 

T € R N 6 = V l ~ C 1 ~ B O l * C O S ~ T H l ) 0 Y l * R P R + V 2 * C 2 * ~ ~ 2 * C O S ~ T H 2 ~ f Y 2 * U P Q  
GO TO 2 

f E R n 6 + V l * C l ~ O ~ l * R P R ~ V ~ * C Z * O f l 2 *  RPR 

wIE1um 
END 
FUNCTION S3 t XJr RF B 
CONNON0E60EINrORr XLE 
CCRNOKf Sf/bLlr ALZ r BO1 rBQ2 r C 1  r CZ rCHlrCM2~081rOBZ r O O l r D O 2  r 011 r O  f 2  r OV 

RPPS 1 OPR 
fERMl=v l~COi+V2 'CD2 
tERnt=OV 1.AL l i b V 2 * A L 2  
fF(RJoNEeE*)  GO TO 10 
TERP3tO 

10 Y f = V l * r Z  

20 CONTINUE 

2 S 2 ~ ~ T E I W l + T f R N 2 + T € R ~ 3 + l € R N ~ + T E R ~ 5 + ~ E R M 6 B 0 R € ~ ~ 5 ~ € I N  

41rDV2 r P X l r P X 2  r l  b l r  tA2 r T H l r T H 2 r  V i r  V t r  V i  r V 2  

GO T O  2 

f C t Y T * L E o l ~ E ~ I O )  G3 T O  29 
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200 FOQHAT t 159 5x1 ?El0 3)  
lC2 FORNAT(7ElO.3rFlOmS) 
1 0 3  FCRMAT(SF10.5B 
lob FORMAT ( I E l l m 4 )  

WRIT€ (7.100 B KKKKK r LL 
WRITE(7.200) IPUNCHrKSTEP 
I N 1  A C b O  
ISHOCK=O 
00 1111 I t l r 4  

1111 IF(IS(1)  mNEmOB XSHOCK=l 
WRITE (7r lOO)NFTSrNPlr  fTVP~1SHOCKrHHAXrKOUN~ 

WRITF(7.1CZ)XJr 

MRITE (79 101) RQ. PRr XLF rERINF *TIN. W INFr  PRES 

Wr(1TE ( 7  r 100) JCHEMr 1 AVE. 

RQ=QE/RTH 

~ ~ ~ ~ ~ ~ ~ ~ i n i ~ x ~ ~ ~ ~ x ~ i ~ x u ~ ~ x u s ~ ~ a ~  
~ ~ ~ ~ ~ ~ ~ ~ t o o ~ r ~ o o ~ , ~ e o o s ~ ~ ~ ~ o ~ c e o o  

INTACT 
EMSUBr I T H  r OELTAV r VBOT r VTPr CHENCC ,XBP 

YRfTE~7r2OO~J80DSrE8OOS~FOODrG8OO 
WRL~E(7r2OO~IPRSrAPQS r8PRLSSrCPRESS 
WRITE (7.200) ZPUSr APUS r BPRESUeCPRESU 
IF(ISEOCYmEP.0) GO TO 5 
WRIT€(tr lOO) ( I S ( 1 ) r  I = l r 4 1  
W R I T E ( 7 r l b l )  t 8 E T B t I ) r I = l r 4 )  

30 1 9  I t l r N P f S  

ALP7s PLP t 7. I) -ALP ( O r  I )*  (1 m-RHEAT B 
ALPlrS ALP (be I l / n M € I I T  
WRITE (79 103 1 V ( I) r II 
MRITE (7,104) ALP (1 I B *ALP (2. I) 

5 CONTIW€ 

A =P(IB/P:N 

r TH( I) .EM( 1) r T (  1 )  
ALP ( 3  I )  r ALP*. ALP (51  ID ALP (6r I 1 e ALP 

17 
1c CONT1)'UE 

REYINC 7 
E NO 
SU8QOUTINE INOATA 
COWMON/PC/IbODr P I N  
COMNON/IIL/GAR,GEW 
COHMON/BP/ALP(7r55) ~EHINFIWINF 
COAMON/eWXHASS ( 5 5 )  
CCWMON/CJ/CP (7 .55 )  r C P l ( 7 )  vCPX 155) 

CONMON/OB/BETB(Q) r 1st 4 )  
COPMOWEO/CPINrRO 
COIIJON/EC /EM (55  )rGAM(55) 
COHMON/€C/EIN~PRIXLE 
COWMON/EP/GPHINFeEl~T)rRrNP 
COWHON/CM/XKlrXK3r XPOT 
CORMOh/GE/RAOrROOrUINIVrSfNP 
COWlON/CF/OELVrCVISArKOUNTOrVISA 

c o n n o r w c w m o ~ ~  t 7 )  

P( 55) 9 TH (55 B mV (55) 
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9191 FORNATtlFlb 



14 1 

WRITE t 6 s  102) 
102 FORHATt91H T W C  P OR TVPL b FLOWS HAY NOT START WITH SHOCKS OR HAY 

6E SHOCRS COMING OfF SPLITTER PLATES/hW RECHECK INPUTS AND SUBMIT 
I W I T H  PROPER TYQED 

STOP 
12 CONTINUE 

104 REAO~fIN.lO1) 
REI0 t I I N r l O l )  
REhO t IIN.101 ) 
REAOt I Ih rZOO)  
REAO t IIN.200 1 
READtIIN.200) 
REAO t IIN.200) 
IF (XBP *L1.0. j 
J O X J t  *5 
XJ=J 
WRITE (6.1 15 ) X J  r EWSUB rRTHvOEL T A Y  * Y  BOT YTP.CHF NFC 

1 1 5  F CRll AT t 5 M  X J  =E 10  3 I 2 X 7HEHSUB =E 10 3 2X. 5H RTH =E 1 C 5 9 2X I SHOE L T A Y  
1 t F l O  3,2X16HYBOf = € l o  *~I~K,SHYTP =E100 ~ ~ ~ X I I H C H E H F C  =El@ a 3 / 1  

Y R I T E ( 6 ~ 1 1 6 J  R E ~ P R ~ X L E I E H I N F ~ T 1 h r Y f N F . P R E S  
1 1 6  FCKMAT(9h RE =f.l003,2X14HPR ~E1003~2X.5HXLF =€10a3*2X~7HEHINF =LlC 

1*3r2X*SHTIN SElO. 392X r6MYINF . E l 0  03r2X  r6HPRES r E l J  31) 
YRf lE  (6.117) X P O T , X < ~ ~ X K ~ ~ K K ~ I X Y ~  

ill FORHAl (7H XPOT ~ E l O o 3 r 2 W r 5 ~ X K l  =E10a312Xr5HXK2 ~ E I O O ~ ~ Z X I S H X K ~  = E l  
l O a ? r  ZX.5WKb = E l 0  O S / )  
WRITE ( b r l l 8 )  IBOO.AB00~B8OD rCBO0 

110 FORWAT(7H IBOD of2,2X1bttABOD =E10.3.2X.6HBB00 = E ~ J o ~ ~ Z X . ~ H C B O D  = E l  
1003 / )  

YR IT E ( 6  e 119) J800 e E RO 0, FBOq. W O O  
119 FORMAT (7t4 JBOO ~ 1 2 1 2 X  *bMEBOD .E10 .SrtX.CHFBOO = E l 0  3e2K16hGBO0 =El 

10.3/) 
WRITE (6  9 i 20 1 

1RESS 4 i i O  3 1 1  
WRITE (6. i 21) 

‘PRESS 9 A PRESS. BPRESS .CPRESS 
190 FORMAT(9t’ I P ~ L S S  =IZ*~XIOHAPRESS * € l a  *SIZX~~HBPRESS tElOo 3rZW r8HCP 

IPRESU. A PSESU. BPRE SUvCPRESU 
121 FORHATt9W IPRESU -121 ZXeOHAPRESU ~ € ~ O ~ S I ~ X I ~ H B P S E S U  ~ElOo3.2Xr IHCP 

b l l  16OOS=I800 
ABODS*ABOO 
IPRS= IPRESS 
A PRS= AQQ E SS 
JBOOS=JBOO 

IQUS= IPRESU 
APUS= APRESU 

1 RE SU 10 3/ 1 

eeoos=moo 

If(ISHOCKoEQ.0) GO TO 5 
R L A O ~ I I N I ~ O O ~  t 1 S t I ) r  I * l , b )  
REAOt I t h r  101) (BETB t I ) I t l r b )  
WRITE (6r128) t I S  t I )  9 I + A o Q )  
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F O R M ~ T f / / / / 4 8 X ~ 3 l t 4 P  R 0 C R A W V I S - C H A R I / b @ X ~ ? M Y  I T H 
l/ IbZW.43HE M B E 0 0 E 0 5 U 0 S 0 N 1 C f L 0 W//53Xc21HS I! 0 
1 C K  W d V C S I 0 3 3 1 ~ 6 3 H I N O  F I N 1 l E  R A T E  H 2 - A I  
1 R  C H E M I S T R Y )  
IF f X J  o E Q *  0.1 
IF tXJoNEoOo)  U R I T E f b r  S b i l l  
IFfJCHEMoEQoO) H R I T E f  895612)  
IF t J C C I E C o E P * l )  WRITE f 699613)  

WRITE I 6  o 5610 

5610 ~ O R M A T f / / / l O X ~ 3 1 H f Y P E  OF FLOW IS TWO DIMENSIONAL) 
9611 F O R M A T t / / / l O X ~ 2 6 R T ~ P E  OF FLCW IS AXISVnWETRIC) 
5 6 1 2  F O R M A T ~ ~ O X I ~ ~ H C H € C I S T R ~  I S  FROZEN) 
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